Active control of sound radiation from a baffled simply supported finite beam is analytically studied. The beam is subjected to a harmonic input force and the resulting acoustic field is minimized by applying a control point force. For a single frequency, the flexural response of the beam subject to the input and control forces is expressed in terms of flexural waves of both propagating and near-field types. The optimal control force complex amplitude is derived by minimizing the acoustic radiated pressure at one point located in the far field. The far-field radiated pressure, the displacement of the vibrating beam, and the one-dimensional wave-number spectrum of the beam velocity are extensively studied. In order to further understand control mechanisms, the radiated pressure due to the flexural propagating wave and the flexural near-field wave, respectively, is investigated at the minimization point before and after the control is involved. The analysis shows that, when the control is applied, the combination of the radiated pressure due to the two different types of waves (as their associated radiation is out-of-phase) at the minimization point causes the large pressure attenuation. These results demonstrate that structural near fields are important in terms of predicting performance in active control of structurally radiated sound.
INTRODUCTION

Structural vibrations as well as their associated radiated sound fields have always been a problem in industry.
If the sound radiation is unacceptable, different passive control approach are traditionally used to attenuate noise. However, passive techniques generally give poor control performances in the low-frequency region. In the last decade, active noise control has emerged as a practical possibility to reduce acoustic noise fields especially at low frequencies. This method usually employs acoustic control sources to attenuate the primary noise field. The active noise control approach and some of its applications have been described in Refs. 1 and 2. The technique has been successfully implemented for one-dimensional sound field.
However, for a three-dimensional radiated sound field, there are some disadvantages with using acoustic sources as the control inputs amongst which are the number of sources required, size, and diflSculties in implementation.
A new approach for the active control of structurally radiated sound fields has been investigated. In the present paper, active control of sound radiation from a finite simply supported beam is studied. The beam is subjected to a harmonic input force and the resulting acoustic field is minimized by applying a control point force (both forces approximating shakers). For a single frequency, the flexural response of the beam subject to the input and control forces is expressed in terms of flexural waves of both propagating and near-field types. The optimal control force complex amplitude is derived by minimizing the acoustic radiated pressure at one point located in the far field. On determining the optimal control force, it can be re-substituted in the constitutive equations for the system and the minimized fields can be evaluated. The main scope of this paper is to investigate how the control of the radiated pressure at the minimization point occurs. 3, have ignored structural near fields. The main purpose of the present paper is to determine whether these structural near fields, present at discontinuities such as the control and input locations and the boundaries, are important in determining and predicting control performance. To this end, the radiated pressure due to the flexural propagating wave and the flexural near-field wave, respectively, is compared at the minimization point before and after the control is involved and the importance of the wave components is investigated.
I. BEAM DISPLACEMENT
The Cartesian coordinate system used in this analysis and the location of the simply supported beam in the coordinate system are shown in Fig. 1 . The beam is taken to be located in an infinite baffle (in the x,y plane) and the simply supported boundary conditions are applied at both ends, i.e., at'x--4-1/2, where I is'the length of the beam.
The time dependence for all the fields is assumed to be e -iwt, where (o is the angular frequency.
The simply supported beam is first excited by an input shaker, modeled as a point force/•n located at x=an. To achieve active control, a control point force •E½ located at X=ac, appioximating a control shaker, is then applied to the beam. This system is described in Fig. 2(a) .
Consider an infinitely long beam. Here, •E•,/t•/• and •E 2, 37/2 applied on the infinite beam in the manner shown in Fig. 2(b) with the correct complex values will create at x------1/2 and x=l/2, respectively, the boundary conditions of a simply supported beam. Hence, the part of the infinitely long beam, which is located between --l/2<x•l/ 21 will behave in every respect as if there were simply supported Conditions at both end. Therefore, the response of the beam due to (i) an input point force F n located at x=an (the dis- 
• In this case, the beam is assumed to be slightly damped. Structural damping is included by using a complex modulus of elasticity defined as follows:
where/3 is the damping ratio or loss factor. The previous equations are also valid when E is replaced by the complex modulus of elasticity. It can be noted that the structural bending wave number kf also becomes complex due to the damping.
Thus, using the superposition principle and Eqs.
(1) and (2), the flexural displacement of the beam system as shown in Fig. 2 (b) The method of separating the double spatial Fourier integral into two single integrals, implies that •(ky) is independent of the input force and the control force. Thus, only the one-dimensional wave-number spectrum •(k•,) will be studied before and after the control is applied.
III. OPTIMAL CONTROL
In the following control strategy, the sound pressure level is to be minimized at one specified point in the far field. The location of the point in space, where the sound pressure level has to be optimized, is given by (roOoqbe) in the spherical coordinate system. The control point force has to drive the beam such that the sound pressure level is minimum at this location. Thus, the optimum complex amplitude of the control point force Pc is obtained by minimizing the square value of the pressure modulus at the point (t'e, Oe,(•e ) in the far field.
The cost function, defined as the square of the pressure modulus is A=p( re, Oe,•e)P*( re, Oe, qbe),
where "*" denotes the complex conjugate. To simplify the notation, the far-field radiated pressure 
where Ppr and Pnf are, respectively, the pressure radiated by the propagating and near-field component of the beam displacement. This decomposition of the pressure into two components respectively due to the propagating waves and to the near-field waves is expected to show the mechanisms by which the control is achieved at the minimization point, as well as enabling a study of the relative contributions of the different wave types.
V. RESULTS
The beam characteristics are presented in Table I . The input point force is taken to have a magnitude of 1N and is located at X=an=--0.4l. The control force position is fixed at X=ac=l/8. Three different frequencies of excitation are studied: 31.7 Hz, corresponding to the first flexural mode of the system; 126 Hz, corresponding to the second flexural mode of the system; and 600 Hz, corresponding to an off-resonance frequency of the system. The radiated pressure is computed at a radius r= 7.62 m from the center of the beam, which is well into the far field. The pressure field is minimized at the location (re=7.62 m, Oe=O , •e =0) in the spherical coordinate system, which is at a distance of 7.62 m above the center of the beam in the x,z plane. By minimizing the radiated pressure in the far field at this location, the one-dimensional wave-number spectrum is minimized at kxe=O, as explained previously.
A. On-resonance excitation 31.7 Hz, first mode Figure 3 shows the far-field pressure radiated in the x,z plane by the simply supported beam for an excitation frequency of 31.7 Hz, corresponding to the first mode. First, it can be noticed that, as expected for this frequency, the radiation from the beam, when no control is involved, is similar to a monopole source corresponding to the structural motion of the first mode. For this particular case, the radiated pressure due to the propagating flexural waves and the near-field flexural waves, respectively, is shown in Fig. 4(a) and is monopolelike for both of them. It can be seen that the radiation is mostly due to the propagating ., withwaves and that the two different types of waves radiate in phase such that their associated radiated fields add coherently (as the total sound pressure level is larger than either each). When the control force is applied to the beam in order to attenuate the pressure at the minimization point, Fig. 3 shows that the pressure field is highly attenuated (more than 80-dB reduction) and dipole like ( 10 dB were added to the actual pressure levels in order for the pressure field under control to be observable). In Fig. 4(b) , it can be observed that the radiated pressure due to the propagating flexural wave has been attenuated by about 65 dB, and that the radiated pressure due to the near-field waves has been reduced by 15 dB. When the control is invoked, the sound pressure levels associated to these two types of waves are almost equal (about 15 dB in all directions). , without control;
However, as the total radiated pressure is largely attenuated, it can be deduced that these two different flexural waves now radiate out-of-phase, such that their associated radiated field cancel each other. Figure 5 shows the out-of-plane displacement without and with control. (The large displacements are due to the slightly damped system being driven very close to resonance.) Before the control force is applied, the displacement corresponds to that expected, i.e., a mode shape corresponding to the first mode of the simply supported beam. When control is applied, the displacement of the beam is reduced to a very low level of vibration (hardly observable on the figure). Therefore, in this case, the attenuation of the radiated pressure is associated with a direct attenuation of the vibratory motion of the beam.
The one-dimensional wave-number spectrum [•(kx)]
is shown on Fig. 6 . In the case without control, the spectrum corresponds exactly to the one expected for a fundamental mode, with a maximum of amplitude at kx-0.
When the control is involved, the wave-number spectrum amplitude is reduced to an amplitude close to zero for all the wave numbers. The extremely small amplitudes in the supersonic region (region defined as the radiating wavenumber components) correspond to the fact that the pressure is nearly completely attenuated (as noticed on Fig. 3) , without control; the minimization point and for 0 very close to zero, elsewhere it is slightly increased (about 2.5 dB). Figure 8(b) shows that the pressure field due to the near-field waves has been decreased by 6 dB; on the other hand, the pressure field due to the propagating waves has been increased by about 2 dB. However, at 0=0, the acoustic pressure radiation due to the propagating waves and the one due to the near-field waves are equal and out-of-phase, such that the total radiated pressure at 0=0 is canceled. This result implies that the attenuation at the error point is due to the interaction of the propagating and near-field waves; a result that stresses the importance of near-field components. The out-of-plane displacement can be observed on Fig. 7 . The spectrum still presents the same peaks, i.e., the mode shape of the beam is not changed by the control (as noticed previously in Fig. 9 ).
C. Off-resonance excitation 600 Hz
The last case studied corresponds to an off-resonance excitation of the simply supported beam at 600 Hz. Figure  11 shows the far-field radiated pressure without and with control. The radiation pattern without control is almost like a dipole radiation pattern with only a slight node around 0=0, implying contributions from several modes. In Fig. 12(a) , it can be noticed that the near-field flexural waves still radiate as a monopole radiator, and are radiating 12.5 dB more in level than the propagating waves at 0=0. The two wave components radiate in phase and thus add coherently. When the control is applied, the far-field radiation from the beam is reduced to a dipole radiation structural motion, with no radiation in the direction 0=0.
The sound pressure levels are also well reduced for the directions close to 0=0 and slightly attenuated elsewhere. It can be noted in Fig. 12(b) that at 0=0, the radiation from the near-field waves has been reduced by 7.3 dB and the one from the propagating waves has been increased by 5 dB. The attenuation of the total sound pressure level at 0=0 again occurs because the two components radiate equally and out-of-phase. Figure 13 shows the out-of-plane displacement, which is close to that corresponding to the fourth mode (507 Hz). Three node and four antinodes can be observed; however, the displacement distribution is not symmetric with respect to the center of the beam. When the control is invoked, the mode shape is changed as the location of two nodes are moved, and the maximums of amplitude are attenuated. It can also be noticed that the displacement amplitude is attenuated between x = 1/2 and the location of the input force. In this case, the minimization process leads , with control.
•,, without control;
D. Control comparison with and without near-field waves
It is interesting to investigate the control performance by calculating the optimal forces using only traveling waves and then calculate the minimized field using the expressions that include both near-field and traveling waves. Such calculations should give some insight on the consequences of neglecting the near field when predicting the performance of realistic ASAC system. Table II presents the amplitude and phase of the control forces in order to control, respectively, the total pressure field and the pressure field only due to the propagating waves in the direction 0=0. First, it should be noticed that the control force is for all cases out-of-phase (phase close to 180 ø) with the input or disturbance force.
For the first mode of the simply supported beam, the control of either the total pressure or the pressure due to the propagating waves leads to almost the same optimal amplitude value for the control force. This was expected, as it was noticed in Fig. 4(a) that the propagating flexural waves are mainly responsible for the sound radiation at this frequency. When the control minimizes the pressure due to only propagating waves at 0=0, the pressure due to the near-field waves is still reduced by half [in the same way observed in Fig. 4(b) ] in all directions. However, the pressure due to the propagating waves becomes negligible as highly reduced in all directions. Therefore, the total pressure field under this control situation is approximately equal to the pressure field due to the near-field waves under control, which is about 16.5 dB in all directions.
For the second mode and off-resonance cases, Table II shows that the optimal control forces calculated with the near-field waves neglected are significantly different than when both wave types are included (corresponding to the realistic situation). Figure 15 presents the controlled radiation directivity for the frequency of 600 Hz, corresponding to the optimal gains derived from only propagating wave information. When compared with Fig. 11 , it is apparent that the main effect of ignoring the near-field waves on calculating the optimal gain is to markedly reduce the attenuation obtained at the error microphone. At other locations, the residual sound levels are increased by approximately 3 dB. Calculations reveal that the residual value at the error microphone in Fig. 15 is equal to the near-field contribution at this point. This observation agrees with the usual observability requirements in control system performances (i.e., to be controlled, a variable has to be first observed).
Vl. CONCLUSIONS
The active control of sound radiation from a simply supported beam has been analytically studied. For excitation on-and off-resonance, a control point force approximating a shaker has been shown to be effective to actively modify the vibrational response of the system in order to obtain directional sound control, i.e., the minimization of the acoustic radiated pressure at one point located in the far field. The large decrease of the radiated pressure at the minimization point has been shown to be caused by the destructive combination of the pressure radiated, respectively, by the propagating flexural waves and the nonpropagating near-field flexural waves (equal and out-of-phase).
This phenomenon proves that, even if the near-field flexural waves can be neglected in terms of vibration, they play an important role in terms of radiation and control. This characteristic is due to the high radiation efficiency associated with the monopole source term of the structural near fields. The attenuation of the radiated acoustic pressure at the minimization point in the far field is related to a decrease of the supersonic wave-number component, corresponding to the direction of minimization, in the vibrational response of the system. This attenuation is not necessarily associated with a decrease of the amplitude in the global vibrational response of the system. These results, in general, demonstrate that structural near fields play an important role in active structural acoustic control and should be considered in the design of ASAC systems.
